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When a photon is detected after passing through an interferometer one might wonder which path
it took, and a meaningful answer can only be given if one has the means of monitoring the photon’s
whereabouts. We report the realization of a single-photon experiment for a two-path interferometer
with path marking. In this experiment, the path of a photon (“signal”) through a Mach–Zehnder
interferometer becomes known by unambiguous discrimination between the two paths. We encode
the signal path in the polarization state of a partner photon (“idler”) whose polarization is examined
by a three-outcome measurement: one outcome each for the two signal paths plus an inconclusive
outcome. Our results agree fully with the theoretical predictions from a common-sense analysis of
what can be said about the past of a quantum particle: The signals for which we get the inconclusive
result have full interference strength, as their paths through the interferometer cannot be known;
and every photon that emerges from the dark output port of the balanced interferometer has a
known path.
PACS numbers: 03.65.Ta, 42.50.Dv, 42.50.Xa
Introduction Vaidman’s three-path interferometer
[1–3] is an asymmetric Mach–Zehnder interferometer
(MZI) with a symmetric MZI inserted into one arm; weak
interactions are used to mark the path of that particle
through the interferometer. The emphasis is on photons
detected at a particular one of the three exit ports, and
Vaidman describes the pre- and post-selected ensemble
by the two-state vector formalism that was introduced in
Ref. [4]. To that he adds the interpretational rule that
“the particle was in paths of the interferometer in which
there is an overlap of the forward and backward evolving
wave functions” [5], and then infers that each particle
was inside the internal loop at intermediate times with-
out, however, entering or leaving. In this narrative the
particle was simultaneously at several places at the same
time. While this account of the particle’s whereabouts is
at odds with common sense, and also with more tradi-
tional ways of speaking about the past of a quantum par-
ticle, it is claimed that the experimental data reported
in Refs. [2] and [3] support Vaidman’s narrative. This
triggered a lively debate about these matters; see, for
example, Refs.[4–33] in [6].
As we argued recently, the experimental data do not
provide evidence in support of Vaidman’s interpreta-
tional rule [6]. Our conclusion follows from a careful ex-
amination of the path-information that can be extracted
from the weak traces left by the particle when passing
through the interferometer. When one acquires path
knowledge by a fitting path-discriminating measurement,
all particles in the pre- and post-selected ensemble have
a known path through the interferometer — one known
path for each particle — in full accordance with what
common sense tells us.
An important ingredient in our analysis is a remarkable
property of the inner balanced internal MZI: All parti-
cles that emerge from the dark output port — where
they can only be found because the weak path mark-
ing slightly disturbs the balance of the MZI — have a
knowable path through the MZI, despite the destructive
interference that completely prevents particles from ex-
iting at this output port if the balance is not upset. In
the larger context of the three-path interferometer, then,
these particles eventually recombine incoherently — an
immediate consequence of their known path — with par-
ticles from the outer path at the final 2:1 beam splitter,
and each particle detected after the beam splitter has a
known path.
This prediction can be tested with fittingly prepared
entangled photon pairs (“idler” and “signal”) [6]. The
signal is fed into the MZI and detected at one of its exits,
while the unambiguous discrimination of two polarization
states of the idler provides information about the path
taken by the signal. We report here a realization of such
an experiment. It confirms the theoretical predictions, in
particular that each signal detected at the dark output
port has a known path through the MZI.
Experiments, in which the path of a quantum particle
through an interferometer is marked by different states
of internal degrees of freedom, have a long history. Im-
portant examples are neutrons and their spin [7]; atoms
and their fine structure [8]; or photons and their polar-
ization [9]. In other experiments, more closely related to
our work, the paths of an interfering quantum particle
are correlated with the degrees of freedom of auxiliary
quantum systems: photon paths with atom states [10],
electron paths with quantum-dot states [11], or photon
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FIG. 1. Scheme of the experiment. The source emits wave-
length-selected polarization-entangled photon pairs (signal
and idler) in the state with the wave function of Eq. (2).
On the signal side, a polarizing beam splitter (PBS) and a
half-wave plate (HWP) convert the polarization qubit into
the path qubit of a vertically polarized photon in a Mach–
Zehnder interferometer (MZI). A phase shifter (PS) — the
usual combination of a feedback-controlled piezo transducer
and a translation stage — defines the phase α of the MZI.
When the nonpolarizing 50/50 beam splitter (NPBS) is re-
moved, the signal’s detection reveals its path. On the idler
side, the setup of Clarke et al. [13] implements the unam-
biguous state discrimination (USD) of the two polarization
states of the idler that are correlated with the signal paths
[18]. The difference in optical length of the two paths of the
loop is stabilized by a phase locker (PL), the analog of the
PS on the signal side. The photons are fed to the detec-
tors through single-mode fibers, and coincidences of any two
detectors within the lapse of 5 ns are recorded by a data ac-
quisition system (DAQ). The angle θ the HWP at the USD
is set such that detection of the idler by detectors D3 or D4
identifies unambiguously the path followed by the signal; see
Table I for the coincidence probabilities of joint detection by
the idler and signal detectors.
paths with partner-photon polarization states [12].
The unambiguous state discrimination (USD) of two
nonorthogonal states was first demonstrated for photon
polarization [13]. USD has also been realized for two
states of a nuclear spin [14], three states of a path qutrit
[15], four coherent states of a light mode [16], and up to
14 orbital-angular-momentum states of a photon [17].
Scheme of the experiment Figure 1 shows the
scheme of the experiment. Our photon-pair source, de-
scribed in details in Ref. [19], is of the kind pioneered by
Kwiat et al. [20]. Spontaneous parametric down conver-
sion creates photon pairs at 809.2 nm from a pump laser
at 404.6 nm with the polarization wave function
sin(2ϕ)
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⊗
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]
(1)
in v/h basis, where the first factors in the tensor prod-
TABLE I. Coincidence probabilities of detecting the signal by
detector D1 or D2 and the idler by detector D3, D4, or D5. In
particle mode, the NPBS is removed from the MZI in Fig. 1
and the PS is of no consequence. In wave mode, the NPBS
is in place and the probabilities of detecting the signal are
2pi-periodic in the interferometer phase α.
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ucts are for the idler polarization and the second factors
for the signal polarization. The angle parameter ϕ is ad-
justed by a half-wave plate (HWP) in the beam of the
pump laser such that both photons are vertically polar-
ized with probability sin(2ϕ)2 or both are horizontally
polarized with probability cos(2ϕ)2. Before leaving the
source, the signal passes through a HWP set at 22.5◦,
which turns the wave function into
sin(2ϕ)
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(2)
This is the polarization-entangled idler-signal state emit-
ted by the source. The signal then enters the MZI, and
the idler polarization is examined by USD.
On the signal side, the combination of the polarizing
beam splitter (PBS) and the HWP at 45◦ converts the
polarization qubit with the wave function
[
v′
h′
]
into the
path qubit of a vertically polarized photon with the wave
function
(
h′
v′
)
[21]. The phase shifter (PS) in path 1
imprints a phase α, so that the probabilities of detect-
ing the signal by detectors D1 or D2 behind the nonpo-
larizing 50/50 beam splitter (NPBS) are 12
∣∣h′eiα + v′∣∣2
and 12
∣∣h′eiα− v′∣∣2, respectively. The MZI is balanced for
v′ = h′ when α = 0, with detector D2 probing the dark
output port. See the Appendix for further details.
After the signal’s polarization qubit is converted to a
path qubit, we have the idler-signal wave function
Ψ =
1√
2
[
sin(2ϕ)
− cos(2ϕ)
]
⊗
(
1
0
)
+
1√
2
[
sin(2ϕ)
cos(2ϕ)
]
⊗
(
0
1
)
,
(3)
which exhibits the wave functions
[
v
h
]
=
[
sin(2ϕ)
∓ cos(2ϕ)
]
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FIG. 2. USD outcomes and signal paths. The MZI is operated
in particle mode (NPBS removed), so that a signal detected
by D1 has taken path 2, and likewise for D2 and path 1.
The solid curves are the theoretical predictions of Table I
(top part). The data confirm in particular that the paths
are correctly identified by clicks of D3 and D4: There are no
D1-D4 and D2-D3 coincidences (curve “c”). The inconclusive
outcomes are also as predicted: The D1-D5 and the D2-D5
coincidences are equally frequent (curve “b”). Here, and also
in Figs. 3–4, the error bars indicate one standard deviation as
obtained from suitable simulations of Poisson processes.
for the polarization states of the idler corresponding to
signal path
{
1
2
}
in the interferometer. These two idler
states are told apart by the USD, the three-outcome mea-
surement that projects on φ3, φ4, or φ5 with
φ3
φ4
}
=
1√
2
[
cos(2θ)
∓1
]
, φ5 =
[
sin(2θ)
0
]
. (4)
We set the HWP at the USD at angle θ given by
cos(2θ) = − cot(2ϕ), for 22.5◦ < ϕ < 45◦, and then have
the coincidence probabilities listed in Table I for the de-
tection of the signal in particle mode, i.e., with the NPBS
removed from the MZI. Indeed, upon detecting the idler
by D4, we know that the signal surely took path 1; like-
wise for D3 and path 2. We cannot infer the signal path,
not at all, when the idler is detected by D5, which is the
inconclusive outcome of the USD. Weak path marking
is realized by sin(2ϕ) <∼ 1 and 0 <∼ cos(2ϕ)  1, i.e.,
ϕ <∼ 45◦; then, the probability for the inconclusive out-
come, equal to 1− 2 cos(2ϕ)2 = − cos(4ϕ), is close to 1.
Testing the source and the USD We test the
quality of the two-photon source and the reliability of
the USD by operating the MZI in particle mode (NPBS
removed) so that detection of the signal by D1 or D2
identifies path 2 or path 1, respectively. Figure 2 shows
the measured coincidence probabilities together with the
theoretical values for an ideal experiment in Table I. The
agreement between the theory and the experiment is very
satisfactory. In particular, the virtual absence of D1-D4
and D2-D3 coincidences (curve “c”) confirms that the
signal follows path 1 if D4 detects the idler, and likewise
for path 2 and D3. Further, as predicted, we cannot in-
fer the signal path if the idler is detected by D5 since the
D1-D5 coincidences are as frequent as the D2-D5 coinci-
dences (curve “b”). The data from another calibration
experiment are reported in the Appendix.
Sorted subensembles The three outcomes of the
USD identify three subensembles of signals and a corre-
sponding way of blending the mixed signal state with the
density matrix
ρ = tridler
{
ΨΨ†
}
=
1
2
(
1 − cos(4ϕ)
− cos(4ϕ) 1
)
(5)
from three ingredients,
ρ = cos(2ϕ)2
(
1 0
0 0
)
+ cos(2ϕ)2
(
0 0
0 1
)
+
[− cos(4ϕ)]1
2
(
1 1
1 1
)
, (6)
associated with detecting the idler by D4, D3, or D5. The
signals in the first subensemble follow path 1, those in the
second subensemble follow path 2, whereas the path of a
signal in the third subensemble is unknown — in fact, it
is unknowable.
The combined effects of the PS in path 2 and the NPBS
on the signal state yield the transformation
ρ→ 1
2
(
1− cos(4ϕ) cos(α) i cos(4ϕ) sin(α)
−i cos(4ϕ) sin(α) 1 + cos(4ϕ) cos(α)
)
, (7)
so that
prob(D1)
prob(D2)
}
=
1
2
[
1∓ cos(4ϕ) cos(α)]
=
1
2
cos(2ϕ)2 +
1
2
cos(2ϕ)2
+ [− cos(4ϕ)]
{
cos( 12α)
2
sin( 12α)
2
(8)
are the resulting probabilities for detecting the signal by
D1 or D2. These probabilities exhibit interference fringes
with visibility V = ∣∣cos(4ϕ)∣∣, which equals the probabil-
ity of obtaining the inconclusive result from the USD. For
ϕ = 45◦ (no path marking) and α = 0 (balanced MZI),
there is perfect constructive interference at the D1 exit
and perfect destructive interference at the D2 exit.
Inconclusive USD outcome and fringe visibility
That the fringe visibility for the signals is equal to the
probability of obtaining the inconclusive USD outcome
for the idlers is not coincidental. We have a signal in the
third subensemble of Eq. (6) if D5 detects the idler, and
this subensemble consists of signals with utterly unknow-
able paths and full interference strength. The other two
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FIG. 3. Probability of obtaining the inconclusive USD out-
come and MZI fringe visibility. The experimental data con-
firm that both quantities are equal to
∣∣cos(4ϕ)∣∣.
subensembles are made up of signals with a surely known
path, and such signals do not contribute to the interfer-
ence. The wave-mode coincidence probabilities in Table I
and the corresponding ensemble sum in Eq. (8) summa-
rize this matter. The statistical weight
[− cos(4ϕ)] of the
third subensemble must, therefore, be equal to the fringe
visibility.
These matters are confirmed by the data in Fig. 3. In-
deed, we have evidence that (i) the probability of getting
the inconclusive USD outcome for the idler (detection by
D5) is equal to the fringe visibility for the signals (MZI
in wave mode), and that (ii) both are equal to
∣∣cos(4ϕ)∣∣
in terms of the source parameter ϕ.
In passing, we note that the probability of guessing the
signal path right on the basis of the USD outcomes is
2 cos(2ϕ)2 +
1
2
[− cos(4ϕ)] = 1
2
(1 +K) (9)
with K = 2 cos(2ϕ)2 = ∣∣cot(2ϕ)∣∣D. In the USD range
of 22.5◦ < ϕ ≤ 45◦, the path knowledge K = 1− V thus
gained is always less than the path distinguishability
D = √1− V2. They are equal only for ϕ = 22.5◦, when
V = 0 and K = D = 1. The purpose of the USD is differ-
ent, however: It provides unambiguous knowledge about
the signal path as often as possible, at the price of having
no path knowledge at all whenever we obtain the incon-
clusive outcome.
Balanced MZI with path marking Finally, we
address the situation encountered in Vaidman’s three-
path interferometer [1–3] where the internal MZI is bal-
anced and photons emerge from the dark output port
only because the path marking disturbs the balance. So,
we set the PS at α = 0 and look for signals detected by
D2. The data in Fig. 4 confirm that the paths taken by
these signals are known: There are D2-D3 and D2-D4
coincidences (path 2 and path 1, respectively; curve “a”)
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FIG. 4. Coincidence probabilities for the balanced MZI. The
MZI is operated in wave mode (NPBS in place) and balanced
(PS set at α = 0). The coincidence probabilities for the de-
tector pairs D1-D3, D1-D4, D2-D3, and D2-D4 (curve “a”)
are equal and agree well with the theoretical prediction in the
bottom part of Table I (solid line). The ϕ dependence of the
D1-D5 coincidence probability is also as expected (curve “b”)
and, as predicted, there are no D2-D5 coincidences (curve
“c”).
but no D2-D5 coincidences (curve “c”). Whenever there
is an inconclusive outcome for the idler (detected by D5),
the signal is detected by D1 — at the bright output port
(curve “b”). By contrast, the signals with a known path
(idler detected by D3 or D4) have an equal chance of be-
ing transmitted or reflected by the NPBS. This is demon-
strated by the equal coincidence probabilities recorded
for D1-D3, D1-D4, D2-D3, and D2-D4 (curve “a”). All
of these observations are exactly as expected.
Summary Our experiment realizes a two-path in-
terferometer with unambiguous path discrimination. All
data are in very good agreement with the theoretical pre-
dictions in Ref. [6], which derive from the standard quan-
tum formalism. We confirm, in particular, that each
photon that emerges from the dark output port of the
balanced interferometer has a known path. This confir-
mation has an immediate bearing on the experiments by
Danan et al. [2] and Zhou et al. [3], inasmuch as it im-
plies that all photons will have a known path through
Vaidman’s three-path interferometer [1] if a suitable un-
ambiguous path discrimination is performed.
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APPENDIX
Some details of the experiment Figure 5 shows
a schematic of the experiment depicted in Fig. 1, with
5a detailed step-by-step account of how the polarization
states of the signal and idler are changed as they traverse
the setup until being finally detected by one of the five
detectors.
On the idler side, the polarization qubit with the wave
function
[
v
h
]
is processed by the USD setup. Eventually,
the idler is detected by D3 or D4 or D5 with the indicated
probabilities.
On the signal side, the polarization qubit with the wave
function
[
v′
h′
]
is converted into the path qubit with the
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FIG. 5. A more detailed schematic of the experiment in
Fig. 1. The polarization states of the signal and idler are
indicated at the intermediate stages. The insets show the
detection probabilities for the various detectors.
wave function
(
h′
v′
)
, and the signal is eventually de-
tected by D1 or D2. The indicated probabilities apply
when the MZI is operated in wave mode (with the NPBS
in place); in particle mode (NPBS removed), the detec-
tion probabilities are
∣∣v′∣∣2 for D1 and ∣∣h′∣∣2 for D2.
Source of entangled photon pairs The setup for
the source of the polarization-entangled photon pairs is
reported in our earlier work [19]. Two beta-borium bo-
rate (BBO) crystals of 2 mm thickness with orthogonal
optic axes are cut at 28.8◦ for non-collinear frequency-
degenerate phase matching. The BBOs are pumped by
a frequency-stabilized continuous wave diode laser at a
wavelength of 404.6 nm (Ondax, LM series). With non-
collinear SPDC, the down-converted photons travel in
different directions with a cone opening angle of 4◦.
Down-converted photons of narrow spatial bandwidth are
collected into single-mode optical fibers using aspheri-
cal lenses with a focal length of 11 mm, placed at a dis-
tance of 900 mm from the BBOs. Using a half-wave plate
(HWP) set at an angle ϕ and a pair of quarter-wave
plates (QWPs) in the pump beam, we convert the pump
polarization from
[
1
0
]
to cos(2ϕ)
[
0
1
]
+ sin(2ϕ)
[
1
0
]
,
where
[
1
0
]
and
[
0
1
]
represent vertical and horizon-
tal polarizations respectively. The first crystal produces
pairs of vertically polarized photons from the pump’s hor-
izontal polarization component, while the second crystal
produces pairs of horizontally polarized photons from the
pump’s vertical polarization component, giving us the
signal-idler polarization wave function in Eq.(1) in the
main text. After leaving the source, and before entering
the MZI and USD respectively, polarization rotations in
the optical fibers are compensated for by manual polar-
ization controllers.
Photon detection After exiting the MZI and USD,
at the various detection ports, the wavelengths of the sig-
nal and the idler are selected by interference filters with
a central wavelength at 810 nm and a full width at half
maximum of 10 nm. The photons are coupled into multi-
mode fibers which are fed into single-photon detectors
(Silicon Avalanche Photodiodes, quantum efficiency of
about 50%, Qutools Twin QuTD). The data acquisition
system (DAQ) is comprised of a time-to-digital converter
(quTAU, Qutools), which we use to record coincidences
of any two detectors within a coincidence time window
of 5 ns.
Phase locker and phase shifter To implement the
phase locker (PL) for the stabilization of the USD, we use
an auxiliary HeNe laser at wavelength 632.8 nm. The
locking laser is injected from the unused port of PBS2 in
Fig. 5. As the optical elements have design wavelength at
810 nm but not 632.8 nm, there are non-zero amplitudes
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FIG. 6. Path distinguishability and fringe visibility. The plot
shows the measured values of the squared path distinguisha-
bility, D2, and the squared fringe visibility, V2, as well as their
sum. The solid lines are the theoretical predictions for an ideal
experiment: D2 = sin(4ϕ)2, V2 = cos(4ϕ)2, D2 + V2 = 1.
of the HeNe laser propagating through the two arms of
the interferometer in the USD. The two beams then in-
terfere at PBS1. At the unused port of the PBS1, we
install a HWP followed by a PBS, and measure the in-
tensity at one of the output ports with a photodetector.
The intensity is then converted to a voltage signal, and
is fed to a home-built PID controller. The PID controller
compares the signal with a fixed reference voltage which
corresponds to the desired phase of the interferometer.
If the signal deviates from the reference voltage, a feed-
back voltage is sent to the the piezo transducer (Thorlabs
model TLK-PZT1) attached to the phase locker mirror.
The piezo transducer drives the mirror and brings the
signal back to the reference voltage, and hence completes
the locking and control of the phase of the interferometer.
The implementation of the phase shifter (PS) for the
MZI is similar to the one for USD. We inject the HeNe
laser from an acute angle reflecting off the interference
filter in front of D1, which then enters the MZI. This
allows us to lock and control the phase of the MZI using
the interference signal of the HeNe laser at the unused
port of the PBS.
Testing the source and the MZI Measurements
of the fringe visibility V and of the path distinguishability
D for various values of the source parameter ϕ serve as a
test of the MZI, and also as another test of the photon-
pair source. The data are reported in Fig. 6. Again,
the comparison with the theoretical values is very satis-
factory. This is further assurance that our experimental
setup has no essential imperfections.
Here, the path distinguishability refers to the sorting of
the signals by the outcome of the measurement for error
minimization (MEM) on the idlers [22]. The MEM is an
orthogonal measurement that projects on the idler states
φ± =
1√
2
[
1
±1
]
; it is realized by the setup of Fig. 12 in
[6] in the place of the USD in Fig. 1. The mixed state of
the signals is now blended from two ingredients,
ρ =
1
2
ρ+ +
1
2
ρ−
with ρ± =
1
2
(
1∓ sin(4ϕ) − cos(4ϕ)
− cos(4ϕ) 1± sin(4ϕ)
)
. (10)
Each subensemble has a probability of 12
(
1 +
∣∣sin(4ϕ)∣∣)
for the more likely signal path and 12
(
1−∣∣sin(4ϕ)∣∣) for the
less likely path. We always bet on the more likely path
[23], and so guess the path right with a probability of
1
2
(
1 +
∣∣sin(4ϕ)∣∣) = 1
2
(1 +D) . (11)
This identifies the path distinguishability D = ∣∣sin(4ϕ)∣∣.
Since we have V = ∣∣cos(4ϕ)∣∣ for the fringe visibility, it
follows that the duality relation D2 + V2 ≤ 1 [23, 24] is
saturated here.
There are, of course, many more ways of sorting the
signals into subensembles. In particular, there is the
quantum erasure sorting in which the subensembles con-
sist of signals with unknowable paths and exhibit fully
visible interference fringes; see Ref. [25] and references
therein.
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